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ABSTRACT
The joint observation of GW170817 and GRB 170817A indicated that short gamma-ray bursts
(SGRBs) can originate from binary neutron star mergers. Moreover, some SGRBs could be detected
off-axis, while the SGRB jets are highly structured. Then, by assuming an universal angular dis-
tribution of the jet emission for all SGRBs, we re-produce the flux and redshift distributions of the
cosmological SGRBs detected by Swift and Fermi. For self-consistency, this angular distribution is
simultaneously constrained by the luminosity and event rate of GRB 170817A. As a result, it is
found that the universal jet structure of SGRBs could approximately have a two-Gaussian profile.
Meanwhile, the intrinsic luminosity function (LF) of the on-axis emission of the jets can be simply
described by a single power law with a low-luminosity exponential cutoff. The usually discovered
broken-power-law apparent LF for relatively high luminosities can naturally result from the coupling
of the intrinsic LF with the angular distribution of the jet emission, as the viewing angles to the
SGRBs are arbitrarily distributed.
Subject headings: gamma-ray burst: general
1. INTRODUCTION
The joint observation of the gravitational wave event
GW170817 and the short gamma-ray burst (SGRB)
GRB 170817A (Abbott et al. 2017a; Goldstein et al.
2017) had confirmed the long-standing hypothesis that
SGRBs are produced by mergers of double neutron stars
and, also possibly, of neutron star-black hole binaries.
This hypothesis was firstly suggested about three decades
ago (Paczynski 1986; Eichler et al. 1989; Narayan et al.
1992).
However, somewhat abnormally, the prompt luminos-
ity of GRB 170817A of ∼ 1047erg s−1 is actually hun-
dreds of times lower than the lowest luminosity of the
normal cosmological (i.e., z & 0.1) SGRBs (Abbott et al.
2017b; Zhang et al. 2018). This promoted some peo-
ple to consider that GRB 170817A could belong to a
new SGRB population (e.g., Rueda et al. 2018). As
one possibility, it was suggested that GRB 170817A
could be produced by a mildly-relativistic, radially struc-
tured, and isotropic outflow (e.g., a cocoon powered by
a chocked jet; Kasliwal et al. 2017; Mooley et al. 2018;
Nakar & Piran 2018), rather than by a traditional rel-
ativistic jet (e.g, Paczynski 1986; Eichler et al. 1989;
Meszaros & Rees 1992; Narayan et al. 1992). Never-
theless, in fact, the existence of a relativistic jet had
been strongly favored by the observed apparent super-
luminal motion of the radio counterpart, which was
discovered with the Very Long Baseline Interferometry
(Mooley et al. 2018; Ghirlanda et al. 2019). Therefore,
a more plausible and acceptable scenario is that the
GRB outflow is highly angularly structured, e.g., con-
sists of a relativistic jet core and a mildly-relativistic
jet wing (Zhang & Me´sza´ros 2002; Kathirgamaraju et al.
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2018; Resmi et al. 2018). In this case, the observed GRB
emission is sensitive to the viewing angle θv relative to
the outflow symmetric axis. The larger the viewing an-
gle, the lower the GRB luminosity. Therefore, the low
luminosity of GRB 170817A is just due to an off-axis ob-
servation. If it can be observed on-axis, then it will not
be intrinsically different from the cosmological SGRBs.
In other word, GRB 170817A is considered to have an
origin identical to that of the cosmological SGRBs and
its jet structure could be universal for all SGRBs.
The off-axis structured jet model for GRB 170817A
had also been strongly supported by the temporal
behavior of its multi-wavelength afterglows, which
started to be detected from 9 days after the GW
event (Haggard et al. 2017; Hallinan et al. 2017;
Margutti et al. 2017; Lyman et al. 2018; Mooley et al.
2018; Ruan et al. 2018; Troja et al. 2018). The after-
glow emission increased steadily until a peak at about
150 days and then turned to decrease (Gill & Granot
2018; Lazzati et al. 2018; Mooley et al. 2018). The-
oretically, afterglow emission can be detected only
if its radiation cone can intersect the line of sight,
which requires its Lorentz factor has decreased from
the initial value to Γ ∼ θ−1v for an off-axis observer.
Therefore, the brighter emission from the faster ma-
terial closer to the jet center would appear later,
which leads to the steady growth of the flux until
the center of the jet is detected. Then, by fitting the
afterglow light curves, the angular distributions of the
energy and the Lorentz factor of the jet had been well
constrained, which disfavored the isotropic and the top-
hat jet models completely (Kathirgamaraju et al.
2017; Lamb & Kobayashi 2017; Alexander et al.
2018; D’Avanzo et al. 2018; Gill & Granot 2018;
Beniamini et al. 2019; Howell et al. 2019; Lazzati et al.
2018; Lyman et al. 2018; Margutti et al. 2018;
Resmi et al. 2018; Troja et al. 2018; Xie & MacFadyen
2019; Kathirgamaraju et al. 2019; Wu & MacFadyen
2019). As the most important parameters, the opening
2angle of the jet of GRB 170817A was constrained to be
around θj ∼ 2
◦−9◦, which may have different definitions
in different works, and the viewing angle is about
θv ∼ 20
◦ − 30◦ (Lamb & Kobayashi 2017; Lazzati et al.
2018; Lyman et al. 2018; Margutti et al. 2018;
Resmi et al. 2018; Troja et al. 2018; Ghirlanda et al.
2019). The latter one is well consistent with the
constraint from the GW analysis (Abbott et al. 2017a).
The fact that the viewing angle is much larger than the
jet opening angle can somewhat help to understand the
high event rate of R˙GRB170817A ∼ 190
+440
−160yr
−1Gpc−3 of
this unusual SGRB (Zhang et al. 2018). Obviously, this
rate is significantly higher than the previous estimates of
the local SGRB rate R˙SGRB(0) ranging from a few to a
few ten yr−1Gpc−3, which were obtained from the statis-
tics of the cosmological SGRBs (z & 0.1) for an adopted
minimum luminosity at ∼ 1049 erg s−1 (Guetta & Piran
2006; Nakar et al. 2006; Guetta & Stella 2009; Dietz
2011; Coward et al. 2012; Wanderman & Piran 2015;
Tan et al. 2018; Zhang & Wang 2018). As a straightfor-
ward impression, the difference between the traditional
R˙SGRB(0) and R˙GRB170817A could be very roughly ex-
plained by the ratio of (1−cos θj)/(1−cos θv), which can
be true if the cosmological SGRBs are all on-axis and
the on-axis luminosity of GRB 170817A is just the most
probable luminosity of SGRBs. However, as inferred
from the afterglow fittings, the on-axis luminosity of
GRB 170817A is probably as high as ∼ 1052erg s−1 (e.g.,
Lazzati et al. 2018; Lyman et al. 2018; Margutti et al.
2018; Resmi et al. 2018; Troja et al. 2018; Howell et al.
2019), which is much higher than the luminosities of a
large number of cosmological SGRBs. Therefore, if all
SGRBs including GRB 170817A indeed have a common
origin, then it can be concluded that a remarkable frac-
tion of the cosmological SGRBs were actually observed
off-axis for different viewing angles. In other word, the
observational luminosity distribution of SGRBs, which
can be substantially influenced by the angular distribu-
tion of the jet emission, must be significantly different
from the intrinsic luminosity function (LF) of SGRBs.
In this case, the event rates of the cosmological SGRBs
also need to be re-estimated.
Therefore, the purpose of this paper is to combine
GRB 170817A and the cosmological SGRBs into a united
model, by invoking an universal angular distribution of
the jet emission of all SGRBs. Specifically, by incorpo-
rating with the implications of GRB 170817A for the jet
structure and the local event rate, we revisit the modeling
of the flux and redshift distributions of the cosmological
SGRBs detected by the Swift and Fermi observatories, so
that the intrinsic LF is further constrained. These com-
bined constraints can deepen our understanding of the
jet formation and enable us to forecast more accurately
the observational prospects of some future facilities in
the opening GW astronomy era.
2. THE BASIC MODEL ASSUMPTIONS
The structure of a GRB jet is determined by both
the jet launching mechanism and the propagation of the
jet through the ambient material (Kathirgamaraju et al.
2017; Lamb & Kobayashi 2017; Beniamini et al. 2019;
D’Avanzo et al. 2018; Lazzati et al. 2018; Margutti et al.
2018; Xie & MacFadyen 2019). For long GRBs, such an
Fig. 1.— An illustration (not in scale) of the two-Gaussian an-
gular distribution of the isotropically-equivalent luminosity of a
SGRB jet (left), in comparison with a traditional single-Gaussian
distribution (right).
ambient material specifically refers to the envelope of the
progenitor star and, sometimes, plus the stellar wind.
For SGRBs, the relevant ambient material is ejected in
about 0.1 second by the merging neutron stars through
several channels including the tidal centrifugation, the
collision squeeze, and the accretion disk wind. The in-
teraction of a GRB jet with a pre-existing ejecta can
lead to a forward shock sweeping up the ejecta material.
Then the swept-up ejecta material can flow out laterally
to surround the jet, which is usually named as a cocoon.
The high-pressure of the cocoon could collimate the jet
effectively and the degree of the collimation depends on
the ratio of the jet luminosity to the column density of
the ambient material (e.g., Yu 2020). Sometimes, the
jet can be choked finally by the ambient material, if the
central engine of the SGRB is switched off before the
jet head reaches the surface of the merger ejecta. In
this case, all of the jet energy is absorbed by the co-
coon. Then, due to its high temperature, the cocoon
could still emerge from the merger ejecta to form a wide-
angle and mildly relativistic flow. Such a cocoon flow
has been frequently suggested to account for the prompt
and afterglow emissions of GRB 170817A, if its energy
can have a fine-tuned radial distribution (Kasliwal et al.
2017; Mooley et al. 2018; Nakar & Piran 2018). Never-
theless, as discussed in the introduction, it is more prob-
able that the jet of GRB 170817A had broken out from
the merger ejecta successfully. After the jet breakout,
both the jet and the cocoon can expand freely in the low-
density interstellar medium. The sharp drop of the co-
coon pressure relieves the jet from the collimation. Then,
the opening angle of the jet can increase quickly, until
it reaches the initial value or until the jet injection is
stopped.
As a result of the jet-cocoon interaction, it is natu-
ral to expect that a breakout GRB jet can consist of a
relativistic beamed core and a mildly-relativistic widely-
spreading wing. It could be not easy and actually un-
necessary to separate the cocoon component from the
jet and, thus, we might as well include the cocoon con-
tribution into the wing of the jet. Therefore, the struc-
ture of a breakout jet can be sometimes simplified to a
two-component jet (Frail et al. 2000; Berger et al. 2003;
Racusin et al. 2008; Filgas et al. 2011). Or, for a con-
tinuous description, the angular distributions of the en-
ergy and the Lorentz factor of the GRB jets were also
suggested to have a power-law decaying (Dai & Gou
2001; Zhang & Me´sza´ros 2002; Kumar & Granot 2003)
or a Gaussian function profile (Zhang & Me´sza´ros 2002;
Kumar & Granot 2003; Rossi et al. 2004). In this paper,
we assume that the isotropically-equivalent luminosity
3of SGRBs observed at different viewing angles (θv) can
be described by an empirical function including an inner
and an outer Gaussian component as:
Liso(θv) = Lon
[
exp
(
−
θ2v
2θ2in
)
+ C exp
(
−
θ2v
2θ2out
)]
,
(1)
which is determined by four free parameters Lon, θin,
θout, and C as labeled in Figure 1. This expression
could roughly reflect the general structure of SGRB
jets exhibited in the hydrodynamical simulations (e.g.,
Lazzati et al. 2017; Salafia et al. 2019). However, please
keep in mind that the Liso(θv) function, which can be
compared with observations directly, could be somewhat
different from the intrinsic angular distribution of the
jet energy E(θ),4 in particular, if the large-angle emis-
sion is actually dominated by some scattering processes
(Kisaka et al. 2018).
As illustrated in Figure 1, the jet emission of a two-
Gaussian distribution could have a more significant wing
emission than the single-Gaussian case. Nevertheless, as
long as the ratio between the two Gaussian components
satisfies C ≪ 1, the SGRBs of a relatively high luminosity
(e.g., the cosmological SGRBs) can still only be relevant
to the inner Gaussian component. Therefore, when we fit
the distributions of the fluxes and redshifts of the cosmo-
logical SGRBs in the next scetion, we will only take into
account the inner Gaussian component. This means the
outer Gaussian component is introduced and emphasized
in this paper just in order to explain GRB 170817A si-
multaneously. However, this treatment is necessary and
practicable for unifying GRB 170817A and the cosmolog-
ical SGRBs, which is one thing we want to demonstrate
in this paper. As further shown in Figure 2, the Liso(θv)
function can first be constrained by the rectangles that
are inferred from GRB 170817A. Different form Figure
1, the luminosity and the viewing angle in Figure 2 are
both plotted in logarithm scale. On the one hand, the
observed isotropic luminosity of GRB 170817A is mea-
sured to 1.6+2.5−0.4 × 10
47 erg s−1 for the viewing angle of
θv = 25
+4
−7 degree. On the other hand, the on-axis lumi-
nosity of the jet of GRB 170817A for θv . 5
◦ is found
to be around (1.0± 0.3)× 1052 erg s−1, which is required
to explain the peak fluxes of the afterglow emission (e.g.,
Howell et al. 2019).
In this paper, we term the probability distribution of
the on-axis isotropic luminosity Lon ≡ Liso(0) as the in-
trinsic LF of SGRBs. The coupling of this intrinsic LF
with a random distribution of the line of sights and as
well as the telescope selections determines the luminosity
4 By assuming the GRB duration TGRB to be independent of
the observational direction, the isotropically-equivalent luminosity
for the observer at θv can be calculated by
Liso(θv) = 4pi
∫
dL′
dΩ′
1
Γ4(θ)[1− β(θ) cosα]4
sin θdθdφ,
where the spherical coordinates (θ, φ) are defined relative to the
jet symmetric axis. dL′/dΩ′ = ηγE(θ)/(4piTGRB) is the radiation
intensity in the comoving frame with ηγ being the radiation effi-
ciency. The angle α of the emitting element relative to the line of
sight can be determined by cosα = cos θ cos θv + sin θ sin θv cosφ
(see Matsumoto & Piran 2019, for details). In any case, what is
directly relevant to our calculation is Liso(θv) rather than Eθ.
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Fig. 2.— The isotropically-equivalent luminosity of SGRBs for
different viewing angles. The thin and thick lines depict the
single- and two-Gaussian distributions, respectively. The luminos-
ity ranges for the corresponding angles, which were inferred from
the observations of GRB 170817A, are represented by the rectan-
gles.
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Fig. 3.— The peak photon flux distributions of the cosmological
SGRBs from the Fermi (open circles; in the energy band of 50 −
300 keV) and Swift (solid circles; in the energy band of 15−150 keV)
observations. The lines provide the best fit to the data in Model
B. The inset shows the flux distributions of the Swift and Fermi
long GRBs.
distribution of the observed SGRBs. In many previous
works, by assuming a top-hat jet structure, an empirical
broken-power law LF can usually be derived from the ob-
servational luminosity distribution. Now, as a non-trivial
jet structure is taken into account, it can be expected
that the intrinsic LF of SGRBs could have a form sim-
pler than the broken-power law. As an attempt, in the
following calculations we assume the intrinsic LF to be a
single power law with an exponential cutoff at the lower
limit as
Φ(Lon) = Φ∗
(
Lon
L∗on
)−γ
exp
(
−
L∗on
Lon
)
. (2)
The availability of this empirical function will be judged
by the final fittings to the observational distributions5 ,
5 Actually, we also test a broken-power law function and find that
its low-luminosity segment increases very quickly, which makes it
very close to the function presented in Equation 2. Then, following
Occam’s Razor, Equation (2) is adopted.
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Fig. 4.— The redshift distribution of the cosmological SGRBs
(solid circles). The solid line gives the best fit in Model B.
as presented in the next section.
3. CONFRONTING THE MODEL WITH OBSERVATIONS
3.1. The cosmological SGRB samples
In the past 14 years, the Neil Gehrels Swift Obser-
vatory has detected more than 1300 GRBs including
119 SGRBs. The Fermi satellite began to hunt for
GRBs from the year of 2008 and about 2300 GRBs
have been captured, out of which 368 samples are
SGRBs. Here, the SGRBs are defined as usual by
a duration of T90 < 2 s. In addition, the SGRBs
having an extended emission are also included (Dietz
2011; Kopacˇ et al. 2012; Berger 2014; Liu & Yu 2019).
We take the peak photon fluxes of the Swift SGRBs
in the energy band of 15 − 150 keV from the web
site https://swift.gsfc.nasa.gov/archive/grb table/.
Meanwhile, a burst catalog for the Fermi Gamma-
ray Burst Monitor (GBM) has been provided on
https://heasarc.gsfc.nasa.gov/W3Browse/fermi /fer-
migbrst.html (Gruber et al. 2014; Von Kienlin et al.
2014; Narayana Bhat et al. 2016), where two kinds of
fluxes can be found in the energy bands of 50− 300 keV
and 10− 1000 keV, respectively. Specifically, the former
kind of fluxes are adopted in this paper, since the energy
band of 50 − 300 keV is the primary sensitive range
of the GBM. The distributions of the peak photon
fluxes of the SGRBs are displayed in Figure 3. In
comparison, the fraction of the low-flux samples (e.g.,
P < 1.4 photons s−1 cm−2) in the Swift SGRBs is
obviously higher than that in the Fermi SGRBs. To
a certain extent, this difference could be just due to
the fact that the threshold flux of the Fermi GBM is
somewhat higher than that of the Swift Burst Alert
Telescope (BAT). However, it should still be noticed
that the flux ranges of the long GRBs detected by Fermi
and Swift are actually similar. By considering that the
jet emission can decrease quickly with an increasing
viewing angle, the low-flux SGRBs seems inclined to
be detected off-axis. In view of the potential relevance
between the luminosity and the hardness of the jet
emission, the off-axis emission can be expected to be
softer than the on-axis emission (e.g., Goldstein et al.
2017; Von Kienlin et al. 2019). Therefore, as a possible
explanation, the difference in the flux distributions of
the Swift and Fermi SGRBs could be somehow caused by
the different ability of the BAT and GBM in detecting
the soft off-axis emission at cosmological distances.
Additional to the flux distributions, an independent
constraint on SGRB models can be provided by the
redshift distribution. Nevertheless, in fact, it is not
easy to measure a redshift for a SGRB, because of the
usual poor localization, the extinction by the host galaxy
(Tanvir et al. 2008). We collect the SGRB samples with
a measured redshift from the GCN Circulars Archive
on https://gcn.gsfc.nasa.gov/gcn3 archive.html#tc3 and
literatures (Dietz 2011; Kopacˇ et al. 2012; Berger 2014;
Liu & Yu 2019). There are totally 48 SGRBs detected
by the Swift BAT, but most of them were missed by the
Fermi GBM. The distribution of these redshift-measured
SGRBs is shown in Figure 4.
3.2. Theoretical distributions
Because of the origin of SGRBs from the mergers
of compact binaries, their event rate at redshift z can
in principle be connected with the cosmic star forma-
tion rates (CSFRs) by delay times due to the forma-
tion process of the compact binaries and the orbital de-
cay through gravitational radiation. Then, by consid-
ering that the delay time τ satisfies a probability dis-
tribution function F (τ), the SGRB rates can be cal-
culated by (e.g., Regimbau & Hughes 2009; Zhu et al.
2013; Regimbau et al. 2015):
R˙ SGRB(z) ∝ (1 + z)
∫ t(z)−t(zb)
τmin
ρ˙∗[t(z)− τ ]
1 + z[t(z)− τ ]
F (τ)dτ
∝ (1 + z)
∫ zb
z[t(z)−τmin]
ρ˙∗(z
′)
1 + z′
F [t(z)− t(z′)]
dt
dz′
dz′, (3)
where ρ˙∗(z) is the CSFR, t(z) =
∫∞
z
[(1+z′)H(z′)]−1dz′,
dt/dz = −[(1+z)H(z)]−1, and zb represents the redshift
at which the binaries started to be formed. The CSFR
as a function of redshift can be empirically expressed by
(Robertson & Ellis 2012)
ρ˙CSFR(z) =
a+ b(z/c)f
1 + (z/c)d
+ g, (4)
where a = 0.007M⊙ yr
−1Mpc−3, b =
0.27M⊙ yr
−1Mpc−3, c = 3.7, d = 6.4, f = 2.5,
and g = 3 × 10−3M⊙ yr
−1Mpc−3. A precise expres-
sion of the probability F (τ) is unaccessible because
of the complexity of the binary evolutions and the
orbital parameters, i.e., the initial separation and the
initial ellipticity. Here, as usual, we take the empirical
form as F (τ) ∝ τ−1 (Piran 1992; Guetta & Piran
2006; Regimbau & Hughes 2009; Zhu et al. 2013;
Regimbau et al. 2015), which can be understood by the
gravitational wave decays with power-law distributed
orbital separations and a constant ellipticity.
For an SGRB of an observed flux P in the energy band
of (E1, E2), its isotropic bolometric luminosity can be
given by
Liso = 4pid
2
l Pk(z;Ep) (5)
with
k(z;Ep) ≡
1
(1 + z)
∫ Eb
Ea
ES(E)dE∫ E2(1+z)
E1(1+z)
S(E)dE
, (6)
5where dl is the luminosity distance, E1 = 15 keV and
E2 = 150 keV for Swift, E1 = 50 keV and E2 = 300 keV
for Fermi, and as usual we take Ea = 1 keV and Eb =
104 keV. The energy spectrum S(E) of the SGRB can
be described by the Band function (Band et al. 1993)
with a spectral peak energy Ep and two spectral indices
of typical values of −0.5 and −2.3 (e.g., Yonetoku et al.
2014; Wanderman & Piran 2015; Sakamoto et al. 2018).
Here, the value of Ep can be determined by invoking an
empirical Ep − Lon correlation as (Tsutsui et al. 2013)
Lon = 10
52.29±0.066 erg s−1
[
Ep(1 + z)
774.5 keV
]1.59±0.11
, (7)
which is obtained by using a statistics of the cosmological
SGRBs whose redshifts and peak energies were measured
accurately6. Simultaneously, the value of the on-axis lu-
minosity Lon of the cosmological SGRBs can be given
by
Lon ≈ Liso exp
(
θ2v
2θ2in
)
, (8)
where the outer Gaussian component is ignored for these
cosmological SGRBs. Finally, by combining Equations
(5-8), we can get the expression of the isotropic luminos-
ity of SGRBs as a function of their observed flux P and
viewing angle θv.
The differential detection probability of a SGRB is de-
termined by the intrinsic LF and the viewing angle of
the SGRB as
dp = 2Φ(Lon)
2pi sin θvdθv
4pi
, (9)
where the first number 2 represents the SGRB jets are
paired. Then, the detectable SGRB numbers in different
flux ranges and different redshift ranges can be calculated
by
N(P1, P2)=
∆Ω
4pi
T
∫ zmax
0
∫ P2
P1
∫ θv,max
0
η(P )
× R˙SGRB(z)Φ(Lon) sin θv dθvdP
dV (z)
1 + z
,(10)
and
N(z1, z2)=
∆Ω
4pi
T
∫ z2
z1
∫ Pmax
0
∫ θv,max
0
η(P )ϑz(z, P )
× R˙SGRB(z)Φ(Lon) sin θv dθvdP
dV (z)
1 + z
, (11)
respectively, where ∆Ω is the field of view of a telescope,
T is the working time with a duty cycle of∼50%, θv,max is
the maximum viewing angle determined by the jet struc-
ture and the detector ability, η(P ) and ϑ(z, P ) are the
trigger efficiency and the probability of redshift measure-
ment, respectively, and dV (z) is the comoving cosmologi-
cal volume element. The limit values of the redshift zmax
and the flux Pmax are taken according to the boundaries
of the observational ranges.
6 This empirical correlation is considered to be only available for
the on-axis emission, since the SGRBs determining this correlation
are all at redshifts z & 0.2, where the wing emission is hard to
be detected. Simultaneously, the highly off-axis emission of GRB
170817A is obviously inconsistent with this correlation.
The selection effects of the telescopes are very com-
plicated. For the Swift BAT, its trigger probability as
a function of the injected flux had been simulated by
Lien et al. (2014), according to which an empirical for-
mula can be obtained as
η(P ) =
{
0, P < 5.5× 10−9 erg s−1 cm−2,
a(b+cP/P0)
(1+P/dP0)
, P ≥ 5.5× 10−9 erg s−1 cm−2,
(12)
where a = 0.47, b = −0.05, c = 1.46, d = 1.45 and
P0 = 0.6 × 10
−7 erg s−1 cm−2 (e.g., Howell et al. 2014;
Tan & Wang 2015; Tan et al. 2018). Meanwhile, how-
ever, such a simulation had never been carried out for the
Fermi GBM and thus we have to adopt a cutoff thresh-
old as usual as Pth = 10
−8 erg s−1 cm−2. More strictly,
the trigger probability is not only dependent on the in-
jected flux, but also related to the energy of the injected
photons, especially for the off-axis emission of a SGRB
jet. For simplicity, we will include this effect into the
adoption of the maximum viewing angle for the specific
detectors. About the redshift measurement probability
ϑ(P, z), we only pay attention to Swift since the redshift-
measured SGRBs all belong to the Swift catalog. An em-
pirical expression of ϑ(P, z) can be summarized from the
statistics of the Swift long GRBs, which reads (Cao et al.
2011; Coward et al. 2013; Tan & Wang 2015)
ϑ(P, z) = ζ(P )ξ(z), (13)
where
ζ(P ) = Min
[
0.27 +
P
2× 10−6erg s−1 cm−2
, 1
]
(14)
and
ξ(z) ∝ exp
(
0.3−
z
8.9
){
1− 0.41 exp
[
−
(z − 1.6)2
0.11
]}
.
(15)
Finally, please notice that the fluxes used in this para-
graph are all in the unit of erg s−1cm−2, which is ob-
tained by timing the peak photon fluxes to a coefficient
of
∫ E2
E1
ES(E)dE/
∫ E2
E1
S(E)dE.
3.3. Fittings and constraints
By combining the distributions of the cosmological
SGRBs and the observations of GRB 170817A , all model
parameters can in principle be constrained. However,
in fact, a very tight constraint is nearly impossible at
present, because of the large number of the parameters
and the high degeneracy between them. So, in this pa-
per, we primarily care about a self-consistent explana-
tion for the observations, but do not seek to a complete
constraint on the model parameters. Then, for simplic-
ity, the crucial parameters θin and θout will only be as-
signed to a few of reference values and a relationship of
θout ∼ 10θin is taken by according to some simulation
results (e.g., Lazzati et al. 2017; Salafia et al. 2019).
The other model parameters will be constrained by the
following two separated steps:
(i) Fit the flux and redshift distributions of the cosmo-
logical SGRBs by fixing the parameter θin and varying
C, γ, τ , and R˙SGRB(0). Here only the inner Gaussian
component is considered, as discussed in Section 2.
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Fig. 5.— The dependence of the obtained value of R˙SGRB(0)
on the choice of θin. The horizontal line represents the merger
rate of 1540+3200
−1220
Gpc−3 yr−1 inferred from the GW170817 event
(Abbott et al. 2017a), while the shaded band represents the uncer-
tainty.
(ii) Explain the event rate and the luminosity of GRB
170817A by fixing θout and varying C, where the two
Gaussian components are both involved and the inner
Gaussian is described by the parameter values obtained
from step one.
In step one, the goodness of the fits to the flux and
redshift distributions is assessed by using the χ2 statis-
tic test. The central values of the parameters can be
obtained by minimizing χ2 and the 1-σ errors are de-
termined correspondingly, as listed in Table 1. For dif-
ferent reference values of θin, we can obtain different
constraints on the other model parameters. To be spe-
cific, the values of L∗on, γ, and τ are actually insensi-
tive to the choice of θin. On the contrary, as shown
in Figure 5, the uncertainty of θin can lead the value
of R˙SGRB(0) to vary in a wide range. Then, in com-
parison with the local rate of neutron star mergers of
1540+3200−1220Gpc
−3 yr−1 (Abbott et al. 2017a), which was
inferred from the GW170817 event, we can conclude that
the angle of the inner Gaussian θin could not be much
larger than ∼ 3◦. Otherwise, the constrained SGRB rate
would be substantially lower than the merger rate and
even lower than the rate of GRB 170817A. Therefore, in
Table 1, we only list two representative sets of parame-
ters for θin = 1
◦ and 2◦, which are termed as model A
and B, respectively. Furthermore, in Figures 3 and 4, we
present an example fitting to the observational distribu-
tions of the cosmological SGRBs, with the central values
of parameters in model B. Additionally, in these fittings,
the upper limit of the integration over the viewing an-
gle is required to be different for the Swift BAT and the
Fermi GBM, i.e., θSwiftv,max →
pi
2 v.s. θ
Fermi
v,max ∼ θin. This can
provide an effective explanation for the difference of the
Swift and Fermi SGRBs in the low-flux distributions. It
is indicated that the Fermi GBM could indeed be insen-
sitive to the emission at θv & θin, as suspected Section
3.1.
The fitting results obtained in step one clearly show
that the single-Gaussian jet structure can be good
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 Intrinsic LF
 Effective apparent LF
 Wanderman et al. 2015
 Ghirlanda et al. 2016
 
 
dR
(0
) S
G
R
B
/d
lo
g(
L
iso
/e
rg
 s
-1
)[y
r-1
G
pc
-3
]
log(Liso/erg s
-1)
Fig. 7.— The apparent LF (thick solid line) of SGRBs, which
is obtained by combining the intrinsic LF (thin solid line) with
the angular distribution of the jet emission. For a comparison, the
previous apparent LFs discovered by Wanderman & Piran (2015)
and Ghirlanda et al. (2016) are also presented, the normalizations
of which are shifted arbitrarily for a clear show. The shaded bands
represent the uncertainties of the lines.
7TABLE 1
Constraints on the model parameters
Model θin [
◦] L∗on [10
52 erg s−1] γ τmin [Gyr] R˙SGRB(0) [ yr
−1Gpc−3] θout [◦] C[10−5]
A 1 2.68+0.42
−0.41 2.43
+0.23
−0.19 3.52
+0.14
−0.15 1793.45
+224.18
−116.58 10 36.42
+356.12
−31.75
B 2 2.79+0.45
−0.43 2.43
+0.23
−0.19 3.52
+0.14
−0.15 446.26
+55.79
−31.24 20 3.49
+13.31
−2.11
 dl=200 Mpc
 z=0.07
 z=0.2
 z=1.2
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Fig. 8.— The predicted luminosity distributions of SGRBs at
different distances for Model B parameters. A flux threshold of
Pth = 10
−8 erg s−1 cm−2 is used.
enough to describe the cosmological SGRBs, as pre-
assumed. However, what we want to emphasize here is
that this single Gaussian model cannot be consistent with
the observations of GRB 170817A. On the one hand, as
shown by the thin lines in Figure 2, the required rela-
tively low value of θin . 3
◦ makes it difficult to explain
the luminosity of GRB 170817A, because the wing emis-
sion of the single Gaussian decreases too quickly. More-
over, the really serious challenge to the single-Gaussian
model is that its predicted local rate of detectable SGRBs
for Liso > 10
47erg s−1 is drastically lower than the rate
of GRB 170817A as 190+440−160 yr
−1Gpc−3 (Zhang et al.
2018). See the comparisons between the horizonal shaded
band and the dashed lines in Figure 6. Therefore,
it is natural to consider that the prompt emission of
GRB 170817A is actually contributed by an extra outer-
Gaussian component of the jet emission.
Then, in step two, we use GRB 170817A to constrain
the parameters of the outer Gaussian. In view of the
degeneracy between the parameters C and θout, we arti-
ficially take a fixed value for the outer Gaussian angle as
θout ∼ 10θin, according to some simulation results (e.g.,
Lazzati et al. 2017; Salafia et al. 2019). Then, the value
of C for GRB 170817A can be settled by accounting for its
prompt luminosity as 1.6+2.5−0.4 × 10
47 erg s−1 at the view-
ing angle of θv = 25
+4
−7 degree. The corresponding result
is displayed by the thick lines in Figure 2. The obtained
value of C is indeed very much smaller than 1. Here,
this outer Gaussian component is suggested to be owned
by all cosmological SGRBs and the value of C is con-
sidered to be universal. Then, as showed by the solid
lines in Figure 6, the the predicted local rate of SGRBs
of Liso & 10
47 erg s−1 can be effectively increased to be
consistent with the rate of GRB 170817A, in particular,
for relatively small θin.
To be summarized, the results presented in Figures
2 and 6 demonstrate that the cosmological SGRBs and
GRB 170817A cannot be simultaneously explained by a
single-Gaussian jet structure. Instead, a two-Gaussian
structure can provide a very plausible explanation. Nev-
ertheless, if only the cosmological SGRBs are concerned,
then the inner Gaussian component alone could still be
enough to account for their observational distributions
(Figures 3 and 4), since the outer Gaussian component
is too weak to be detected at cosmological distances.
4. THE LUMINOSITY FUNCTION AND DISTRIBUTIONS
In many previous works (e.g., Wanderman & Piran
2015; Ghirlanda et al. 2016), the LF of SGRBs was usu-
ally determined from the observational luminosity distri-
bution without considering of the angular distribution of
the jet emission. As a result, a broken-power law LF was
widely suggested, which however cannot directly reflect
the physical distribution of the jet energies. Therefore, in
this paper, we call such a LF as an apparent LF, in order
to different from the intrinsic LF. With the two-Gaussian
jet structure (Model B), we plot an apparent LF in Figure
7 by integrating all observational directions. As shown,
for relatively high luminosities (& 1050erg s−1), the ap-
parent LF can be well described by a broken-power law,
which is in good agreement with the previous discoveries
(e.g., Wanderman & Piran 2015; Ghirlanda et al. 2016).
In other word, the previous apparent LFs can indeed be
explained by the coupling of the intrinsic LF with the
angular distribution of the jet emission. Specifically, the
low-luminosity side of the apparent LF is completely con-
tributed by the off-axis emission of SGRB jets. Further-
more, the contribution from the large-angle wing emis-
sion can only appear in the very low luminosity range.
Because of the telescope selection, the observational lu-
minosity distributions of SGRBs are expected to evolve
with the distance significantly, just as displayed in Figure
8 for the Model B parameters and the GBM threshold.
As shown, the low-luminosity fraction decreases rapidly
with the increasing distance. The accumulated distribu-
tion presented in Figure 6 is only available for a small
distance, i.e., for dl ≤ 200 Mpc. For z & 0.1, the con-
tribution from the outer Gaussian disappears gradually
and then it can be ignored safely, just as supposed when
we fit the distributions of the cosmological SGRBs. On
the one hand, for cosmological distances, if a detector is
insensitive to the soft off-axis emission, then it can ob-
tain a luminosity distribution very close to a single power
law. On the other hand, for nearby SGRBs, it is possible
to use their luminosity distribution to infer the angular
distribution of their jet emission.
5. SUMMARY
The observations of the GW170817/GRB 170817A
event strongly indicate that SGRB jets have obvious an-
8gular structures, which make the observational luminosi-
ties of SGRBs sensitive to their viewing angles. There-
fore, a certain fraction of the observed SGRBs, especially
those of a relatively low luminosity, could actually be
observed off-axis. The observational luminosity distri-
bution can somewhat deviate from the intrinsic distri-
bution of the jet energies. On the one hand, we revisit
the fittings of the redshift and flux distributions of the
cosmological SGRBs. It is found that these distributions
can be well modeled with a single power-law intrinsic
LF, while the jet off-axis emission is taken into account
with an appropriate structure. As a result, the popu-
lar broken-power-law LF of SGRBs is demonstrated to
be an observational manifestation of the combination of
the intrinsic LF and the jet angular distribution. On the
other hand, we further find that a two-Gaussian profile is
an effective approximation for the jet structure, which is
at least very helpful to self-consistently explain the event
rate of GRB 170817A and the angular-dependence of its
luminosity. Moreover, the inner Gaussian is constrained
to be as narrow as θin < 3
◦, while the outer Gaussian is
assumed to be about ten times wider than the inner one.
Such a two-Gaussian jet structure could be a natural re-
sult of the propagation and breakout of the relativistic
SGRB jets from a merger ejecta. The details of the af-
terglow emission from such a jet will be investigated in
our following work.
With the parameters obtained in this paper, we can
give some predictions for future GRB facilities. The
Gravitational wave high-energy Electromagnetic Coun-
terpart All-sky Monitor (GECAM) is a planed Chi-
nese satellite, which is designed specially to monitor
GW-associated SGRBs and will be launched in 2020.
It has an all-sky field of view, a high sensitivity of
∼ 2 × 10−8 erg s−1 cm−2, and a wide energy interval of
6 keV ∼ 6MeV. By using these telescope parameters, we
calculate the detectable SGRB numbers for GECAM, in
particular, the numbers that can be associated by a GW
signal. To be specific, in model A (model B), we have
a number of 0.90+0.64−0.42 (0.44
+0.36
−0.2 ), 7.88
+4.74
−3.28 (3.32
+2.78
−1.42)
and 20.90+15.36−10.72(9.26
+9.06
−4.4 ) per year for a distance upper
limit of 100 Mpc, 200 Mpc and 300 Mpc, respectively.
These distance limits are taken roughly corresponding
to the aLIGO horizons in O3, O4 and O5, respectively,
for neutron star mergers (Abbott et al. 2018).
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